The SLC39A family of zinc transporters can be divided into four subfamilies (I, II, LIV-1, and gufA) in vertebrates, but studies of their functions have been restricted exclusively to members of subfamilies II and LIV-1. In this study, we characterized SLC39A9 (ZIP9), the only member of subfamily I in vertebrates. Confocal microscopy demonstrated that transiently expressed, HA-tagged human ZIP9 (hZIP9-HA) was localized to the trans-Golgi network regardless of zinc status. Disruption of the ZIP9 gene in DT40 cells did not change the growth rate, sensitivity to high zinc and manganese concentrations during long-term culture, or cellular zinc status after short-term incubation with zinc. The alkaline phosphatase activity of ZIP9 À=À cells did not change in cells cultured in medium containing normal zinc levels. In contrast, the activity of this enzyme decreased in wild-type cells cultured in zinc deficient medium but less so in ZIP9
Over the last two decades, a number of zinc transporters have been identified and characterized. They are assigned to two metal-transporter superfamilies; SLC39A family functions in zinc influx into cytosol and SLC30A family functions in zinc efflux from cytosol and compartmentalization of the cytosolic zinc into intracellular organelles. 1, 2) The vertebrate members were named ZIPs (ZRT, IRT-like proteins) and ZnTs (zinc transporters), [3] [4] [5] [6] and the families are divided into four and three subfamilies, respectively based on their degree of sequence conservation. 3, 7) ZIP family members fall into the I, II, LIV-1 and gufA subfamilies, and most members fall into subfamilies II and LIV-1 in mammals.
The functions of ZnT members in the secretory pathway have been elucidated in detail. ZnT5, ZnT6 and ZnT7 form hetero-oligomers (ZnT5 and ZnT6) or homooligomers (ZnT7) indispensable for homeostatic maintenance of secretory pathway function and loading zinc to zinc-requiring enzymes like alkaline phosphatase (ALP) in vertebrate cells. [8] [9] [10] Orthologs of ZnT5 and ZnT6 for S. cerevisiae (Msc2p and Zrg17p) and S. pombe (Cis4 and Zrg17) have been found to be important for ER function and Golgi membrane trafficking through regulating zinc homeostasis. [11] [12] [13] In addition, ZnT4 is assumed to be involved in zinc homeostasis in the secretory pathway because of its localization to the trans-Golgi network (TGN). 2, 14) In contrast, there is less information about ZIP members in the secretory pathway. Only orthologs of ZIP7 and ZIP13 have been identified as ZIP members involved in zinc homeostasis of the ER and Golgi apparatus at the molecular level. 15, 16) In this study, we found that SLC39A9 (ZIP9) was the TGN resident protein regardless of zinc status, and that disruption of ZIP9 gene did not cause detrimental effects on the growth rate or high zinc and manganese toxicity in DT40 cells. Furthermore, evaluation of metallothionein mRNA expression and cellular zinc status probed by zinquin fluorescence after short-term incubation with zinc showed no differences between wild-type and ZIP9 À=À cells. We found that tissue non-specific ALP (TNAP) activity did not change in ZIP9
À=À cells, and that stable over-expression of hZIP9 moderately decreased TNAP activities in both wild-type and ZIP9 À=À cells. TNAP activity decreased in wild-type cells cultured in zinc deficient medium but less so in ZIP9
À=À cells under these conditions. These results suggest that ZIP9 functions to regulate zinc homeostasis in the secretory pathway by mobilizing zinc out of it. This is the first evidence on the cellular function of the subfamily I ZIP protein in vertebrate cells.
Materials and Methods
Cell culture and transfection. HeLa cells were maintained in DMEM (Sigma, St. Louis, MO) supplemented with 10% heatThe sequences reported in this paper have been deposited in the GenBank database (accession nos. FJ423549 and FJ423550 for human and chicken SLC39A9 cDNA sequences).
y To whom correspondence should be addressed. inactivated fetal calf serum (FCS) at 37 C. DT40 cells (chicken pre-B cells) were maintained in RPMI1640 (Nacalai Tesque, Kyoto) supplemented with 10% FCS, 1% chicken serum (JRH, Lenexa, KS), and 10 mM 2-Mercaptoethanol (Sigma) at 39.5 C. Zinc deficient serum was made as described previously. 8) DNA transfection into DT40 cells to disrupt the cZIP9 gene was carried out as described previously. 8, 9) Over five independent clones were established per disruptant or transfectant. Transient transfection into HeLa cells was performed as described previously. 10) Plasmid construction. Targeting vector to eliminate exon 6 of the cZIP9 gene was constructed in the way described previously. 8, 9) The left or right arm was PCR-amplified and subcloned upstream or downstream of the drug resistant genes (Bsr r , His r ) under the control of the -actin promoter (drug selection marker cassettes) flanked by mutated loxP sites. Plasmid to express hZIP9 was constructed by inserting its cDNA fragment amplified by KOD Plus polymerase (Toyobo, Osaka) using gene-specific primers into the pA-Puro vector. All plasmids were linearized with appropriate restriction enzymes prior to electroporation.
Immunofluorescence staining. HeLa cells cultured on coverslips were transfected with hZIP9-HA or mZIP4-HA expression vectors. After transfection, the cells were cultured for 24 h and then incubated in the presence of 100 mM ZnCl 2 or 10 mM TPEN, a zinc chelator, for 1 h, followed by fixation with 4% paraformaldehyde and permeabilization with 0.1% Triton-X. After blocking with 2% BSA, the cells were incubated with anti-HA antibody (1:1,000 dilution), followed by goat anti-mouse IgG conjugated with Alexa 488 or 594 (Molecular Probes, Eugene, OR). For double-staining, anti-human TGN46 antibody (Serotec, Oxford, UK, 1:200 dilution) and donkey anti-goat IgG conjugated with Alexa 488 were used as a primary and secondary antibodies. The stained cells were observed under a confocal laserscanning microscope (Fluoview, Olympus, Tokyo).
Southern blotting. Twenty mg of genomic DNA prepared from DT40 cells was digested with appropriate restriction enzymes (Fig. 2 ) for 24 h. After digestion, DNA was electrophoresed on agarose gel and transferred to a nitrocellulose membrane filter in 0.4 N NaOH. The membrane was hybridized to the radiolabeled DNA probes ( Fig. 2A ) and exposed to an imaging plate (Fuji Photo Film, Tokyo). Radioimages were obtained using a BAS 2500 Bio imaging analyzer (Fuji Photo Film).
RNA preparation and Northern blotting. Total RNA was extracted from DT40 cells using Sepasol I (Nacalai Tesque). The RNA (20 mg) was electrophoresed on agarose gel and transferred to a nitrocellulose membrane filter in 20Â SSC buffer. The membrane was hybridized to appropriately radiolabeled cDNA probes. Radioimages were obtained as described above. Quantification of band intensities was performed on a Macintosh iBook G4 computer using the public domain NIH Image program (developed at the United States National Institutes of Health and available on the Internet by anonymous ftp from zippy.nimh.nih.gov).
MTT assay. 3-(4.5-dimetyl thiazol-2-yl)-2.5-diphenyl tetrazolium bromide (MTT) (Sigma) was added (final, 0.385 mg/ml) to the culture media in 96-well plates and incubated for 4 h. MTT was reduced to blue formazan crystals during incubation. After lysing into 100 ml of lysis sol (10% SDS, 10 mM NH 4 Cl) for 16 h, the absorbance was measured at 600 nm.
Zinquin staining. DT40 cells were washed with cold HBSS (Gibco, Grand island, NY) twice, and then suspended in cold HBSS containing 25 mM Zinquin, a specific fluorescent probe for zinc (Molecular Probes). The stained cells were spinned on a cover glass by Cytospin (Thermo Scientific, Franklin, MA) at 175 Â g for 1 min and observed under a fluorescence microscope (Metaview, Olympus).
Measurement of ALP activity. The total cellular protein (3 mg) lysed in ALP lysis buffer was pre-incubated for 10 min at room temperature. One hundred ml of substrate solution (2 mg/ml p-nitrophenyl phosphate in 1 M diethanolamine buffer, pH 9.8, containing 0.5 mM MgCl 2 ) was added. After incubation for 10 min at room temperature, the p-nitrophenol released by TNAP was measured by the absorbance at 405 nm.
Results

ZIP9 is the trans-Golgi network resident ZIP family protein
Database comparisons of the human genome sequences with ZIP proteins revealed that S. cerevisiae, Atx2p (antioxidant 2), reported to be localized to Golgilike vesicles, is homologous to ZIP9; 17) Atx2p has 27% identity in overall amino acid sequence to hZIP9, 18) and both proteins were assigned to subfamily I ZIP protein.
Human ZIP9 is a 307-amino acid protein, and its hydropathy profile indicates that hZIP9 has eight putative transmembrane domains, like other ZIP family proteins. All ZIP9 orthologs in vertebrates have the unique four conserved histidine residues between putative transmembranes 7 and 8, and in the C-terminal region unlike other ZIP proteins.
Transiently expressed, HA-tagged human ZIP9 (hZIP9-HA) was localized to the perinuclear portion and intracellular vesicles in HeLa cells (Fig. 1) . The double immunostaining with TGN marker, TGN48, was completely superimposed with hZIP9-HA, indicating that ZIP9 is localized to the TGN and vesicular compartments (Fig. 1A) . The subcellular localization of many ZIP proteins has been found to move in response to zinc concentration. Zinc depletion enhances their accumulation in the plasma membrane, whereas higher zinc concentrations stimulate endocytosis of them from there, although ZIP5 shows the opposite response. [19] [20] [21] [22] [23] [24] [25] [26] In HeLa cells transfected with hZIP9-HA and then cultured in the presence of 100 mM ZnCl 2 or 10 mM TPEN, a specific zinc chelator (the zinc deficient condition), there were no differences in the immunostaining patterns of hZIP9-HA (Fig. 1B) . Consistently with this, we hardly detected signals for hZIP9-HA when immunostaining was carried out without permeabilization (data not shown). Mouse ZIP4-HA accumulated in the cell surface in addition to intracellular compartments under zinc deficient conditions, as described previously (Fig. 1B) . 21, 22) These results indicate that ZIP9 is the TGN resident ZIP family protein.
Generation of DT40 cells deficient in ZIP9
To investigate the cellular function of ZIP9, we generated ZIP9-deficient DT40 cells (ZIP9 À=À cells). Chicken ZIP9 cDNA encodes a 305-amino acid protein that shows 89% identity, in amino acid sequence to hZIP9.
18) The chicken ZIP9 gene has seven exons as in human, spanning 13.5 kb, and exon 6 of the cZIP9 gene was replaced by drug resistant marker cassettes to generate ZIP9
À=À cells (Fig. 2A) . Homologous recombination was identified by Southern blot analysis, and the absence of cZIP9 mRNA was confirmed by Northern blot analysis (Fig. 2B and C) .
Disruption of cZIP9 did not have apparent detrimental effects. ZIP9
À=À cells proliferated at a rate comparable to that of the wild-type cells (Fig. 3A) . We examined the phenotypes of ZIP9
À=À cells against high concentrations of zinc and manganese during long-term culture (72 h), because many ZIP proteins are involved in the control of zinc homeostasis and a S. cerevisiae homolog, Atx2p, is known to be involved in manganese homeostasis. 17) There were, however, no differences between wild-type and ZIP9
À=À cells in the sensitivity to high zinc or manganese toxicity (Fig. 3B and C) . Moreover, we found no significant differences in growth rates between either type of cells cultured in zinc-deficient conditions (data not shown).
Evaluation of zinc homeostasis in ZIP9
À=À cells We investigated zinc homeostasis in ZIP9 À=À cells in detail by monitoring their responses to short-term incubation with high zinc concentrations. First we examined metallothionein (Mt) mRNA expression as a readout for increased intracellular zinc against high zinc.
27) Expression of Mt mRNA was monitored by Northern blot hybridization after the addition of various concentrations of zinc to the culture medium. Basal level expression and inducible expression by zinc of Mt mRNA was almost the same between the wild-type and the ZIP9 À=À cells (Fig. 4A) . Next we examined intracellular labile zinc in both types of cells using the zincspecific fluorescent probe, zinquin. Zinquin staining revealed blue fluorescence around the perinuclear regions and strong zincosome-like signals in the cytosolic regions in both wild-type and ZIP9 À=À cells. 28) There were, however, no significant differences in zinquin fluorescence between both types of cells regardless of normal or high-zinc conditions (Fig. 4B) . These results indicate that cytosolic zinc homeostasis was not significantly altered by disruption of the ZIP9 gene in DT40 cells.
ZIP9 regulates alkaline phosphatase activity
ALP is a zinc-requiring ectoenzyme and its activity is a good marker of zinc homeostasis in the secretory pathway. 8, 9) DT40 cells expressed TNAP, and the activity of TNAP was significantly reduced in ZnT5 À ZnT7 À=À cells because they lack two essential zinc transporter complexes (ZnT5/ZnT6 hetero-oligomers and ZnT7 homo-oligomers) mobilizing zinc into the secretory pathway (Fig. 5A) . 8, 9) We examined to determine whether TNAP activity would be affected by disruption of the ZIP9 gene, because ZIP9 is localized to the TGN (Fig. 1) . We hypothesized that TNAP activity is increased in ZIP9 À=À cells, because ZIP proteins transport zinc in the opposite direction to ZnT proteins, and thus disruption of the ZIP9 gene might store more zinc ions within the secretory pathway. This was, however, not the case; there were no significant differences observed in TNAP activity between the wildtype and the ZIP9 À=À cells (Fig. 5A ). Next we examined the effects of over-expression of hZIP9-HA on TNAP activity. Stable over-expression of hZIP9-HA did not change the growth rates of wild-type or ZIP9
À=À cells (Fig. 3A) , but moderately decreased TNAP activity in both types of cells, suggesting that zinc efflux out of secretory compartments is regulated by ZIP9 (Fig. 5A) . To confirm this, we compared TNAP activity in the cells cultured under zinc-deficient conditions. TNAP activity decreased in wild-type cells cultured in zinc deficient medium but less so in ZIP9
À=À cells under these conditions (Fig. 5B) . Even under this condition, expression of hZIP9-HA in ZIP9 À=À cells decreased the activity down to a level less than that in wild-type cells, which confirms that ZIP9 effluxes zinc out of the secretory compartments. Taken together, these results strongly suggest that ZIP9 is one of the regulatory zinc transporters for the maintenance of zinc homeostasis in the secretory pathway.
Discussion
Vertebrate ZIP family proteins are involved in many physiological functions such as zinc uptake from the intestinal lumen, immune responses, early development, cancer progression and metastasis, and connective tissue development. 16, 25, [29] [30] [31] [32] [33] [34] [35] [36] [37] All of this evidence is demonstrated as the functions of ZIP proteins classified into II or LIV-1 of four subfamilies (I, II, LIV-1, and gufA). The molecular functions of the other two subfamilies (I and gufA) are restricted to plants, and yeast thus far. In this study, we characterized the vertebrate subfamily I ZIP protein, ZIP9. To our knowledge, this is the first observation on the functions of the subfamily I ZIP protein in vertebrates.
Human ZIP9 shows 27% identity to Atx2p of S. cerevisiae, which has been reported to be involved not in zinc but in manganese homeostasis. 17) Moreover, recent publications suggest that manganese is a physiological substrate for mammalian ZIP proteins. 38, 39) Hence, we first hypothesized that manganese homeostasis is changed by disrupting the ZIP9 gene in DT40 cells, but we found no changes in sensitivity to high manganese concentrations between wild-type and ZIP9 À=À cells. This result does not completely exclude the possibility that ZIP9 is involved in manganese homeostasis, but it suggests that ZIP9 plays minor roles in its regulation.
Many vertebrate ZIP proteins function as zinc transporters, and other subfamily I ZIP proteins of S. cerevisiae, Zrt1p and Zrt2p, function as a high and low affinity zinc transporter, respectively. 40, 41) We examined zinc homeostasis in ZIP9
À=À cells in more detail by measuring sensitivity to high and low zinc concentrations and several indicators of intracellular zinc status (Mt expression, zinquin staining), but we found no significant differences in these experiments between wild-type and ZIP9
À=À cells, as in the case of manganese. These results indicate that cytosolic zinc homeostasis was not significantly affected by disrupting the ZIP9 gene.
The subcellular localization of ZIP9 was in the TGN regardless of zinc status, which suggests that ZIP9 regulates zinc homeostasis in the secretory pathway. Our results strongly suggest that this is the case, because TNAP activity moderately decreased in both wild-type 
and ZIP9
À=À cells by stably over-expressing hZIP9-HA. Furthermore, TNAP activity was decreased in wild-type cells cultured in zinc-deficient medium but less so in
ZIP9
À=À cells under these conditions. Considering zinc transport direction by ZIP proteins, ZIP9 operates to antagonize the activation of zinc-requiring enzymes by A B ZnT proteins by mobilizing zinc out of the secretory pathway. In DT40 cells, the store of zinc ions in the secretory pathway transported by ZnT proteins is sufficient for full activation of TNAP, because there were no increases in TNAP activity in the ZIP9 À=À cells cultured in medium containing normal zinc levels.
ZnT5, ZnT6, and ZnT7 (ZnT5/ZnT6 hetero-oligomers and ZnT7 homo-oligomers) are all localized to the Golgi apparatus and the vesicular compartments and contribute to the homeostatic maintenance of secetory pathway function by supplying zinc. [8] [9] [10] Recent progress in understanding of the molecular functions of ZIP proteins has revealed that redundant expression of ZIP proteins also operates in the secretory pathway; mammalian ZIP7 (KE4) and its homologs have been found to be localized to the ER and Golgi apparatus, 15, 36, [42] [43] [44] and ZIP13, recently identified as the gene responsible for Ehlers-Danlos syndrome, has been reported to localize to the ER and Golgi apparatus. 16, 37) However, unlike ZnT proteins, the significance of the redundant expression among ZIP proteins within the secretory pathway remains to be determined. In this study, disruption of the ZIP9 gene in DT40 cells had no effect on cellular functions, perhaps due to the redundant functions of the ZIP proteins. DT40 cells can be a useful system to investigate the redundant functions of ZIP proteins because of a unique property that multiple genes can be disrupted by a simple strategy, as indicated in studies of ZnT proteins. [8] [9] [10] Our present data should provide an initial clue for such study. Fig. 5 . ZIP9 Operates to Inactivate TNAP.
A B
A, TNAP activity did not change in ZIP9 À=À cells but was moderately reduced by stable expression of hZIP9. TNAP activity was measured using total cellular proteins prepared from wild-type (WT) cells, ZIP9
À=À cells, WT cells stably expressing hZIP9-HA, ZIP9
À=À cells stably expressing hZIP9-HA, and ZnT5 À ZnT7 À=À cells. Two different clones were used for disruptants and transfectants. B, TNAP activity decreased less in ZIP9 À=À cells than in WT cells under zinc-deficient conditions. TNAP activity was measured as in A using total cellular proteins prepared from WT cells, ZIP9
À=À cells, and ZIP9 À=À cells stably expressing hZIP9-HA cultured in normal medium for 24 h or zinc-deficient medium (Chelex) for 12 or 24 h. Each value is the mean AE SD of triplicate experiments.
